The combination of lithography and ion implantation is demonstrated to be a suitable method to prepare lateral multilayers. A laterally, compositionally and magnetically, modulated microscale pattern consisting of alternating Co (1.6 µm-wide) and Co-CoO (2.4 µm-wide) lines has been obtained by oxygen ion implantation into a lithographically-masked Au-sandwiched Co thin film.
Introduction
Nowadays, spintronic research and devices are mainly based on vertical rather than planar systems, such as multilayered magnetic tunnel junctions. [1, 2] That is, sandwich geometries (vertical multilayers) prevail over in-plane modulated patterns (lateral multilayers) since planar technology (e.g., planar giant magnetoresistance (GMR) readers) [3] still remains challenging from a fabrication point of view.
The preparation of lateral multilayers can be achieved, among others, by shadow evaporation techniques which combine lithography and multiple depositions, [4] lithography and a combination of hard and soft lift-off methods, [5] multilevel lithography and ion milling to introduce periodic thickness modulations which may result in magnetic lateral multilayers, [6] [7] [8] self-organization through chemical instabilities [9] [10] [11] or ion beam assisted deposition. [12, 13] Although these methods ensure in-plane compositional and/or magnetic modulations, many of them suffer from different drawbacks like several intermediate fabrication steps, pattern size control, limited morphology design or non-tunable interfaces. Therefore, routes which can lead to lateral multilayers with sharp interfaces and versatility in pattern design in a minimized number of preparation stages are of great interest, not only from a technological point of view but also from a scientific side. Planar technology offers advantages when compared to standard vertical technology (e.g., devices are finished at the wafer level) [3] and more flexibility to perform spatially-resolved characterization due to its lateral geometry. [14] In this context, ion irradiation/implantation in combination with lithography has become a suitable method to obtain lateral multilayers [15] [16] [17] [18] and magnetically pattern systems. [15, [19] [20] [21] [22] Ion implantation is a suitable technique to controllably modify the near-surface of materials due to the limited range of penetration of ions, [23] turning out to be particularly convenient to tune the structure and composition of thin films. Light-ion irradiation (mainly of noble gases) of ferromagnetic (FM) thin films and multilayers has been used for the modification of magnetic properties, such as magnetic anisotropy, saturation magnetization, exchange coupling or exchange bias. [24] Furthermore, irradiation using heavy ions and ion implantation have also been utilized with the aim to induce increased collisional damage and/or to create composition adjustments. [25] Recently, oxygen ion implantation has been confirmed as an advantageous route to form antiferromagnetic (AFM) oxides embedded in FM thin films (e.g., Co), giving rise to exchange bias. [26] [27] [28] [29] [30] [31] In parallel, the wide variety of lithography techniques yields a high flexibility in pattern design and, thus, in shadow mask fabrication for ion implantation.
We have combined O ion implantation with UV lithography in order to prepare Co/Co-CoO microscale lines with laterally modulated magnetic properties, which give rise to planar GMR effects.
Results and discussion

Preparation of laterally modulated Co/Co-CoO micropatterns by combining O ion implantation and lithography
An Au-sandwiched Co thin film (i.e., 20 nm Au/ 30 nm Co/ 10 nm Au) was grown by molecular beam epitaxy onto a thermally-oxidized Si(100) wafer. The top 20 nm-thick Au layer (i.e., capping layer) prevents Co from natural oxidation, while the bottom 10 nm-thick Au layer (i.e., buffer layer) is introduced to minimize the atomic intermixing between Co and SiO2 upon implantation. Both Au layers are intended to avoid any other source of CoO formation than that of the O ion implantation. The Co layer is polycrystalline and consists of a mixture of face-centered cubic Co, hexagonal close-packed Co and stacking faults. [29] Microscale patterns consisting of 1.6 µm-wide lines with a period of 4 µm were prepared by UV lithography. Since the lithographed resist is intended to be used as a shadow mask for ion implantation, an additional Au layer of 10 nm was deposited to further ensure the full stopping of the impinging ions by the resist during implantation (Figure 1a) . The sample was then implanted with 45 keV O ions to a fluence of 2×10 17 ions/cm 2 and, afterwards, the remaining resist stripped away.
The O ion implantation into the resist-free areas leads to a fairly uniform O depth profile across the Co layer (Figure 1b) , whereas, as confirmed by TRIM [32] simulations (not shown), the shadow mask (i.e., 10 nm Au-resist) guarantees the full stopping of the incoming O ions (Figure 1c) . In this fashion, the sample is selectively implanted, resulting in a periodic formation of CoO. [29] Hence, the combination of O ion implantation and lithography yields a laterally modulated pattern consisting of alternating Co and Co-CoO microscale lines sandwiched between Au layers (Figure 1c ).
Room temperature magnetic and transport properties
Figures 2a and 2b show the longitudinal and transversal magneto-optic Kerr effect (MOKE) measurements, respectively, along and across the lines. The longitudinal MOKE measurement along the lines reveals a double-step-like hysteresis loop. This is the result of the interplay between the dissimilar coercivities of the non-and implanted areas (being the implanted lines magnetically harder) and dipolar interactions, which tend to stabilize the antiparallel alignment of adjacent lines once the magnetization of the soft areas (i.e., non-implanted lines) is switched. The implantation leads to an increase in the number of defects in Co, such as stacking faults, that can act as pinning centers for magnetization reversal, resulting in an enhanced coercivity. [29, 33] Upon implantation, oxygen primarily accumulates at the grain boundaries forming CoO, reducing the grain size and thus isolating the Co grains. This might also yield decreased exchange interactions among Co grains leading to an increased coercivity. Furthermore, the implantation-induced increase of coercivity can also be partially ascribed to exchange interactions between the Co grains and the CoO at the grain boundaries. [29, 34] Conversely, the longitudinal MOKE measurement across the lines shows a single-step hysteresis loop with slightly decreased coercivity and remanence, evidencing traces of shape anisotropy. In this case, once the magnetization of the pure Co lines is switched, the dipolar fields favor the reversal of the implanted areas, softening the jumps in magnetization and thus yielding a more gradual magnetization reversal.
As can be seen in Figure 2b , the transversal MOKE measurement along the lines reveals traces of perpendicular magnetization upon reversal, indicating that coherent rotation is an active magnetization reversal mechanism. The slightly broadened transversal signal for the measurement across the lines confirms the mild shape anisotropy already envisaged by longitudinal MOKE, since coherent rotation typically governs the magnetization reversal along hard axes. [35] Magnetoresistance, ∆R/R, with the current and external magnetic field applied along the patterned lines exhibits an overall positive effect ( Figure 2c ) for both descending and ascending branches. Lorentz magnetoresistance, originating from the deflection of the current lines inside magnetic domains, and the magnetoresistance effect linked to the twisting of the current lines at the domain walls (i.e., Hall effect contribution) can be neglected due to the polycrystalline nature of the sample. [36] Thus, the observed ∆R/R might at first glance be ascribed to anisotropic magnetoresistance (AMR), which arises from spin-orbit coupling. However, in this configuration, AMR contributions should result in a decrease of the resistance regardless of the magnetization reversal mechanism since the change in AMR is proportional to cos , where θ is the angle between the current and the magnetization. [37] Hence, this implies that, in the Co-Co/CoO lateral multilayers, AMR is overplayed by another magnetoresistance effect. The maxima of magnetoresistance appear between -7 and 7 mT of applied magnetic field. As can be seen in the longitudinal MOKE measurement along the lines (Figure 2a ), the soft magnetic areas (i.e., non-implanted) reverse their magnetization in this field range, whereas the magnetization of the implanted lines remains essentially unaltered. To further unravel the magnetic domain configurations upon magnetization reversal, magnetic force microscopy (MFM) images were taken at remanence (after saturating the sample along the lines in a field of -100 mT) and at increasingly positive applied magnetic fields along the lines (Figure 3 ). Figure 3a , taken at remanence, reveals a multidomain magnetic structure of the pure Co lines in agreement with the longitudinal MOKE characterization which shows that the remanence is lower than the saturation magnetization. Upon increasing the applied magnetic while keeping the main orientation of the magnetization of the non-implanted areas unchanged (Figures 3b-3d ), the multidomain structure reinforces and 180° cross-tie domain walls (domain walls which contain both Néel-and Bloch-like counterparts) [38] [39] [40] [41] can be locally observed within the O-free Co lines. As can be seen in Figures 3d and 3e , the switch of the main orientation of the magnetization takes place in an applied magnetic field interval of less than 0.5 mT in fair concordance with the narrow switching field range of the non-implanted lines (Figure 2a) . Differences in applied field dependences among MOKE, magnetoresistance and MFM characterization are mainly ascribed to the local probing character of these techniques and the fact that the measurements were independently carried out. Upon switching of the soft magnetic parts, Néel-like domain walls [42] at the Co/Co-CoO interfaces (see the magnetization configuration scheme of Figure 3e ) are envisaged until the implanted areas fully reverse. This indicates that, during and after magnetization reversal of the pristine Co areas, a local antiparallel alignment of the magnetization (via 180° cross-tie-and interface 180° Néel-like domain walls, respectively) is present. This interface 180° Néel-like domain walls have been already reported, among others, in Co-based [43] and Fe-based [44] [45] [46] systems. Therefore, taking into account this local antiparallel configuration, the observed positive magnetoresistance (Figure 2c) can be linked to a domain wall resistance effect ruled by giant magnetoresistance mechanisms. [43, 47] Since domain walls in single Co thin films do not significantly scatter conduction electrons (i.e., GMR effects are not dominant sources of magnetoresistance), [48] this confirms the high density of domain walls achieved in this system, which is ascribed to both intrinsic (e.g., magnetocrystalline anisotropy of Co) and extrinsic (e.g., pattern design, Co thickness, shape anisotropy...) magnetic properties. Both descending and ascending branches exhibit a magnetoresistance maximum, suggesting that the formation of these 180° domain walls is, to some extent, reversible. The maximum variation with respect to the resistance at saturation is around ∆R/R (%) = 0.03, whose order of magnitude is consistent with the domain wall resistance of other Co-based systems. [43] Nevertheless, although the effects are unambiguous, the ∆R/R values are somewhat limited by the shunting effects of the Au capping and buffer layers and the difference in resistance between the Co and Co-CoO lines (which tends to favor the flow of current through the Co layer).
Low temperature magnetic and transport properties
For the low temperature characterization (i.e., magnetometry, magnetoresistance and polarized neutron reflectometry), the sample was cooled from room temperature down to 10 K in a magnetic field of 800 mT applied along the lines. Figure 4a shows the superconducting quantum interference device (SQUID) measurements of consecutively measured hysteresis loops (i.e., untrained and trained) along the lines. These double-step cycles are the result of a combination of soft and hard magnetic contributions, which originate from the pure Co and the O-implanted lines, respectively. In contrast to room temperature, the coercivity of the O-implanted Co lines is significantly enhanced. Together with the pronounced exchange bias shift [49, 50] (around -92.7 mT), this confirms that the Co and the CoO in the implanted areas are exchange-coupled, in agreement with previously reported results. [29, 31] The trained loop shows a decreased exchange bias shift of -62.8 mT in concordance with the strong training effects that occur in Co-CoO systems. [31] The reversal of the implanted areas takes place within a relatively narrow switching field range, corroborating the homogeneity of the O profile simulated by TRIM. [32] Remarkably, this lateral configuration of exchange-biased (Co-CoO) and non-biased (Co) alternating regions gives rise to a well-defined spatially modulated coercivity.
As can be seen in Figure 4b , parallel magnetoresistance (i.e., current and Happlied along the lines) shows traces of positive and negative contributions for both untrained and trained branches. Whereas the maxima appear in the field range where the non-implanted areas reverse, the minima emerge in the field region corresponding to the reversal of O-implanted areas. With consecutively measured loops, the positive contributions remain virtually unaltered, while the minima take place at decreased applied magnetic fields, evidencing training [49, 50] and, thus, indicating that the negative contributions originate from the implanted areas which are exchange-coupled. In the second measurement (i.e., trained), the depth of the minimum is enhanced because of the additional spin rotation resulting from the training effect. [31] To further shed light on this magnetoresistance behavior, the magnetization reversal mechanisms have been investigated by polarized neutron reflectometry (PNR) with off-specular analysis. The PNR magnetic field scans acquired by integrating the full signal (i.e., specular and off-specular) are presented in Figure 5 . In the field region where the implanted areas inverse their magnetization, no spin flip signal (ud and du) above the background level can be observed, indicating that the magnetization reversal is mainly ruled by domain wall nucleation and motion in agreement with the results of homogeneously implanted Co thin films. [31] Conversely, a large spin flip signal is detected in Figure 5 . This is in agreement with previously reported off-specular PNR results on Co thin films where lateral networks of Néel domain walls are also responsible for the off-specular signal. [51] The asymmetry (i.e., spin dependence) in the diffuse spin flip scattering, where ud does not equal du, is ascribed to a birefringence phenomenon. [52] [53] [54] [55] In this context, Zeeman splitting is ruled out as a source of off-specular spin-flip signal since it is in moderate and strong external magnetic fields. [56, 57] Conversely, in the field range where the magnetization of the implanted areas reverse and further (i.e., saturation), no traces of off-specular signal are observed, indicating no in-plane magnetic correlations, suggesting that domain walls with partial or antiparallel alignment are much scarcer or negligible with respect to the pure Co areas. This is in agreement with the fact that AMR prevails over GMR as the dominant source of magnetoresistance in the implanted areas. Taking this into account, the small negative contribution to the magnetoresistance of the untrained descending branch ( Figure   4b ) can be explained by weak AMR effects originating from minor perpendicular contributions of the magnetization during domain wall nucleation and motion. This negative resistance contribution becomes more pronounced with consecutive reversals (training), suggesting that coherent rotation reinforces since the corresponding perpendicular components of the magnetization are significantly larger (being largest at the coercive fields) than those of domain wall nucleation and motion processes.
Even though this evolution is consistent with the reversal mechanism asymmetry in Co/CoO bilayers and O-implanted systems with low O contents, these negative contributions are weak (0.11% for the trained descending branch), in concordance with the PNR results which indicate that the reversals of implanted areas are mainly ruled by domain wall nucleation and motion ( Figure 5 ). In fact, reversals fully taking place via coherent rotation would lead to much more pronounced changes in resistance, as it happens in Co/CoO bilayers where magnetoresistance differences up to 80% are observed. [58] On the contrary, in the field range where the Co lines inverse their magnetization, the resistance, rather than showing a decrease, exhibits an upturn, which screens any AMR effects arising from domain wall nucleation and motion and coherent rotation traces. As can be seen in Figure 4b , this increase is already significant where most of the magnetization has not yet reversed (remanence is above 92% for the first four reversals, Figure 4a ), in consonance with the existence of intrinsic 180° cross-tie domain walls within the Co areas. As it happens at room temperature, these incipient positive magnetoresistance effects can be linked to domain wall resistance contributions through a giant magnetoresistance mechanism. [43, 47] Nonetheless, the maxima of spin flip signal occur when the magnetization of the Co areas is half reversed (i.e., at the coercive fields, Figure 5 ), whereas the magnetoresistance reaches its maximum when the Co areas are fully reversed (i.e., at around -16 mT for the descending branches). This implies an additional source of positive magnetoresistance which can be linked to the 180° Néel-like domain walls arising from the antiparallel alignment of adjacent lines upon reversal of the soft areas (Figure 4c) . Namely, the anti-parallel coupling results in 180° Néel-like domain walls at the Co/Co-CoO interfaces and it consequently yields an additional increase of the resistance due to a giant magnetoresistance mechanism. In contrast to the intrinsic Néel domain walls arising from the magnetization reversal of Co lines, these interfacial domain walls are of extrinsic origin (i.e., artificial) since they originate from magnetic periodicity arising from the dissimilar coercivity of contiguous lines. Actually, this also applies to the room temperature magnetoresistance, whose interpretation is less straightforward since the magnetic contributions of non-and implanted lines are more entangled due to the smaller difference in coercive fields. The positive contribution reaches values with respect to the resistance at saturation up to around ∆R/R (%) = 0.13, close to four times larger than at room temperature, evidencing the partial disentanglement of the AMR contribution ascribed to exchange-coupled areas. These magnetoresistance maxima appear in both descending and ascending branches and do not suffer from training, indicating a high reversibility in the formation of these 180° domain walls.
Conclusion
Ion implantation through lithographed masks is shown to be an advantageous method to prepare laterally, compositionally and magnetically, modulated samples with tunable giant magnetoresistance and potential uses for spintronic research and applications. A lateral microscale pattern consisting of alternating Co (1.6 µm-wide) and Co-CoO (2.4 µm-wide) lines has been prepared by oxygen ion implantation into a pre-lithographed Au-sandwiched Co thin film. The lithography is used to obtain a shadow mask for ion implantation. By locally implanting O into a Co thin film, the magnetic properties can be periodically altered in the plane of the sample, e.g., in our case, a spatially modulated coercivity is achieved. Consequently, domain structures can be imposed by the application of well-defined magnetic fields. This magnetic periodicity leads to an overall positive giant magnetoresistance behavior at room temperature, while anisotropic and giant magnetoresistance contributions are distinguished at low temperature since the O-implanted areas become exchange-coupled. This planar giant magnetoresistance is ascribed to the high density of 180° domain walls arising from both the reversal of the non-implanted Co areas (intrinsic 180° cross-tie-like domain walls) and the spatial modulation of coercivity (in a spring-magnet-type configuration), which results in 180° Néel-like domain walls at the Co/Co-CoO interfaces. This novel approach may constitute an important asset for planar spintronics and other magnetic lateral multilayer applications. nm Au) was grown by molecular beam epitaxy at room temperature on thermally-oxidized Si (100) substrates (450 nm-thick SiO2). All layers were grown at a pressure of around 3×10 −10 mbar. The Co layer consists of a mixture of face-centered cubic Co, hexagonal close-packed Co and stacking faults. [29] UV lithography was used to design microscale lines on top of the sample. In order to achieve a fine undercutting of the resist profile, a non-photosensitive layer (Shipley, MICROPOSIT ® LOL2000) was first spin-coated onto the sample for 50 s at 4000 rpm, resulting in a thickness of around 0.16 μm. Then, the sample was soft-baked for five minutes at 115°C. Subsequently, a photosensitive layer (Shipley, MICROPOSIT ® S1813) was spin-coated on top of the first resist for 50 s at 5000 rpm, yielding a total thickness of approximately 1.2 μm. The resist system was then soft-baked at 115°C for 1 min. The sample was afterwards subjected to illumination through a pre-designed mask consisting of 2 μm-wide The magnetic properties were investigated, at room temperature, by means of magneto-optical Kerr effect (MOKE) measurements and, at low temperature, by superconducting quantum interference device (SQUID) magnetometry. With the aim to probe several lines, the laser of the MOKE setup was defocused up to 50 µm in diameter. Magnetic force microscopy (MFM) with in-situ applied magnetic field was used to further unravel the magnetization reversal at room temperature.
Experimental Section
High-resolution four-terminal magnetoresistance measurements were performed both at room temperature and at 10 K (after field cooling from room temperature in a magnetic field of 800 mT applied parallel to the lines) in a helium flow cryostat by integrating the sample into an Adler-Jackson bridge. The AC measuring current for the lock-in detection has a frequency of 27.7 Hz and a root-meansquare amplitude of 3.5 A. The current direction was established along the lines.
Polarized neutron reflectometry (PNR) with off-specular analysis was carried out at the MARIA instrument, operated by JCNS at Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany. A neutron wavelength of 6 Å was used. Specifically, PNR magnetic field scans were carried out to unravel the magnetization reversal mechanisms along the lines at low temperature after parallel field cooling.
From the specular polarized reflectivity pattern recorded in the saturated magnetization state, the angle (i.e., the incidence angle of neutrons) showing a good tradeoff between intensity and splitting ratio was selected to perform these magnetic field scans. That is, at a certain fixed angle (i.e., 0.96° (0.035 Å −1 )), the non-spin flip (NSF) and the spin flip (SF) signals are recorded as a function of the applied magnetic field. [59, 60] Upon reflection, the neutron polarization is analyzed, resulting in four different measured reflectivities: two NSF signals, uu and dd, and two SF signals, ud and du. The first index denotes the polarization prior to reflection and the second index the polarization after reflection.
In order to maintain the polarization of the neutrons throughout the reflectometer, guide fields are mounted at dedicated positions. Since neutrons depolarize due to stray fields when a positive field is applied, the measurements can only be performed at negative fields. Hence, in order to assess the ascending branches (which usually lie at positive fields after positive field cooling), the sample was cooled in a negative field, implying that the aforementioned ascending branches will then reside at negative fields. The ascending and descending branches were in fact measured after separate field cooling processes, which explains why the magnetic field scans always have a negative magnetic field scale. Moreover, two dimensional reflectivity measurements (i-f maps containing the specular and off-specular signals) were performed at dedicated applied magnetic fields ( Figure 6 ). The polarized and analyzed data of Figure 6 are corrected according to reference [61] after taking into account that MARIA is equipped with a polarizing supermirror (double bounce) as polarizer and an in-situ SEOP 3 Hefilter as analyzer. [62] The latter is combined with a transverse RF-field performing an adiabatic fast passage spin reversal of the 3 He and used instead of a neutron flipper. In this way, the analyzer has in both directions the same efficiency. On the side of the polarizer, the neutrons are flipped with an RFflipper which is working close to 100%. Therefore the data shown in Figure 6 
